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Previous structures of Arp2/3 complex, determined
in the absence of a nucleation-promoting factor
and actin, reveal its inactive conformation. The study
of the activated structure has been hampered by
uncontrollable polymerization. We have engineered
a stable activated complex consisting of Arp2/3
complex, the WCA activator region of N-WASP, and
one actin monomer, and studied its structure in solu-
tion by small angle X-ray scattering (SAXS). The scat-
tering data support a model in which the first actin
subunit binds at the barbed end of Arp2, and dis-
qualify an alternative model that places the first actin
subunit at the barbed end of Arp3. This location of
the first actin and boundWmotif constrains the bind-
ing site of the C motif to subunits Arp2 and ARPC1,
from where the A motif can reach subunits Arp3
and ARPC3. The results support a model of activa-
tion that is consistent with most of the biochemical
observations.
INTRODUCTION
The initiation of actin polymerization in cells requires filament
nucleation factors, including Arp2/3 complex and formins
(Pollard, 2007). These molecules stabilize actin polymerization
seeds, whose formation is rate limiting during actin assembly
(Sept and McCammon, 2001). Arp2/3 complex is targeted by
multiple signaling pathways that result in actin cytoskeleton
remodeling during processes such as cell migration, endocyto-
sis, and maintenance of cell morphology.
Arp2/3 complex consists of seven proteins, including the
actin-related proteins Arp2 and Arp3. By itself, Arp2/3 complex
has low nucleation activity. The complex is activated by nucle-
ation-promoting factors (NPFs), among which the most promi-
nent are members of the WASP/WAVE family of proteins (Goley
andWelch, 2006; Pollard, 2007). TheC-terminal region ofWASP/
WAVE proteins, known as the WCA (or VCA) region, constitutes
the shortest fragment necessary for Arp2/3 complex activation
(Machesky et al., 1999). The W (WASP-Homology 2 or WH2)Structuremotif within this region binds the first actin monomer of the
new filament branch, whereas the C (central or connecting)
and A (acidic) motifs interact with various subunits of Arp2/3
complex, helping to stabilize the activated conformation. The ac-
tin monomer bound to the Wmotif, together with Arp2 and Arp3,
are thought to form a trimeric seed for the nucleation of a filament
branch, which emerges at a 70 angle from the side of a pre-ex-
isting filament. According to this model, Arp2 and Arp3 are the
first two subunits at the pointed end of the new filament branch.
The crystal structure of Arp2/3 complex was first determined
in the absence of nucleotide and NPF (Robinson et al., 2001).
In the structure, Arp2 and Arp3 are separated and the nucleotide
cleft of Arp3 is wide open, whereas subdomains 1 and 2 of Arp2
are disordered. Therefore, this structure was described as the
inactive conformation of the complex (Robinson et al., 2001).
Subsequently, Arp2/3 complex was crystallized in the presence
of nucleotide and nucleotide analogs (Nolen and Pollard, 2007).
Nucleotide binding favors closure of the nucleotide cleft of Arp3
and marginally stabilizes subdomains 1 and 2 of Arp2. However,
the relative position of Arp2 and Arp3 was unchanged, indicating
that ATP binding is not sufficient to activate Arp2/3 complex. It is
generally believed that the binding of nucleotide and WCA are
thermodynamically coupled and that these two factors together
activate Arp2/3 complex (Dayel et al., 2001; Goley et al., 2004; Le
Clainche et al., 2001).
The structure of Arp2/3 complex in the branch and with bound
WASP has been studied using electron microscopy (Egile et al.,
2005; Rodal et al., 2005). These structures consistently indicate
that a major conformational change takes place upon activation,
bringing Arp2 and Arp3 into an actin filament-like arrangement at
the pointed end of the new filament branch. However, none of the
existing structures resolves the location and interactions of the
WCA activator region with subunits of Arp2/3 complex. This
question has been addressed mainly by crosslinking experi-
ments, showing that CA can be crosslinked to subunits Arp2,
ARPC1, Arp3, and ARPC3 (Kelly et al., 2006; Kreishman-Deitrick
et al., 2005;Weaver et al., 2002; Zalevskyet al., 2001). Becauseof
the short length of theWCA polypeptide (73 aa), and considering
that both the C (Panchal et al., 2003) and Wmotifs comprise he-
lical segments, with W bound at the barbed end of the first actin
monomer (Chereau et al., 2005), it is difficult to rationalize howCA
can span subunits Arp2, ARPC1, Arp3, and ARPC3 in the com-
plex. This question cannot be fully addressed without knowing16, 695–704, May 2008 ª2008 Elsevier Ltd All rights reserved 695
Structure
X-Ray Scattering Study of Activated Arp2/3 ComplexFigure 1. Design and Characterization of Activated Actin-WCA-Arp2/3 Complex
(A) From the structure of actin complexes with the W motifs of various cytoskeletal proteins (Chereau et al., 2005), we determined that N-WASP residue Ser426
could be mutated to Cys and crosslinked to actin Cys 374 with minimal structural disturbance. The actin subdomains are numbered 1–4.
(B) Nonreducing Coomassie-stained gel showing crosslinked actin-WCA, purified Arp2/3 complex, and Arp2/3 complex with bound actin-WCA.
(C) Arp2/3 complex with bound actin-WCA (red) has shorter retention time on analytical size exclusion chromatography than Arp2/3 complex alone (blue). Actin-
WCA is also shown for reference (black). Retention times are indicated above each peak.
(D) The heavier actin-WCA-Arp2/3 complex sediments faster by analytical ultracentrifugation than Arp2/3 complex alone, with sedimentation coefficients of11
S and 8.8 S, respectively.
(E) Determination of the molecular masses of Arp2/3 complex with and without bound actin-WCA by FFF-MALS. The measured masses were 224,200 Da for
Arp2/3 complex alone (expected value from sequence 223,600 Da) and 273,300 Da for actin-WCA-Arp2/3 complex (expected 274,060 Da).
(F) Time course of barbed-end formation of 2 mMMg-ATP-actin (6% pyrene-labeled) alone (black) or in the presence of 25 nM Arp2/3 complex and 250 nM native
WCA (green) or 25 nM actin-WCA-Arp2/3 complex (red). The inset shows the time course of fluorescence increase upon polymerization. Nucleation rates were
determined from the polymerization rate, the concentration of actin monomers remaining, and the rate constant for barbed-end elongation (10 mM1s1).the binding site of the first actin subunit in the activated complex.
We present a solution study by small angle X-ray scattering
(SAXS) of an engineered activated Arp2/3 complex containing
the WCA region of N-WASP and the first actin subunit of the
new filament branch. The study reveals that the first actin subunit
binds at the barbed end of Arp2, which also sheds light on the
location and interactions of the CA region of N-WASP with other
subunits of Arp2/3 complex. Based on the results, we propose
a general model of activation of Arp2/3 complex by NPFs.
RESULTS
Engineering of a Stable Activated
Actin-WCA-Arp2/3 Complex
A major limitation in the structural investigation of actin poly-
merization seeds is their intrinsic dynamic character. Arp2/3696 Structure 16, 695–704, May 2008 ª2008 Elsevier Ltd All rights rcomplex polymerization seeds evolve quickly into filaments,
and the complex itself is believed to exist in multiple states
(Goley et al., 2004; Rodal et al., 2005). To overcome these limita-
tions, we devised a strategy to block the polymerization seed
into a single activated species by structure-based crosslinking
of WCA to actin. From the high-resolution crystal structures of
various Wmotifs bound to actin (Chereau et al., 2005), we deter-
mined that N-WASP residue Ser426 binds in close proximity to
and facing actin Cys374. Therefore, we expressed a WCA
mutant in which Ser426 was replaced by Cys and the endoge-
nous Cys427 by Ala. Note that another W motif precedes WCA
in N-WASP, but this feature is not conserved among NPFs.
The Cys-WCA construct was crosslinked to actin with nearly
100% efficiency, and the crosslinked complex was purified to
homogeneity and characterized by analytical ultracentrifugation
(AUC) (Figures 1A and 1D).eserved
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X-Ray Scattering Study of Activated Arp2/3 ComplexFigure 2. Structure of Inactive Arp2/3 Complex
Fitting statistics of the crystal structure of inactive Arp2/3 complex to the scattering data (left). The experimental and computed scattering intensities are dis-
played as a function of momentum transfer s = 4p sin(q)/l, where 2q is the scattering angle and l = 1.5 A˚ is the X-ray wavelength. The scattering data were an-
alyzed in the range 0.01 < s < 0.15 A˚1, which yields information about the overall shape of the molecule. Higher-resolution data were discarded in this analysis
because of increased noise. Two orientations of the structure, rotated by 90 and docked into the ab initio SAXS envelope (right). Individual proteins are shown as
ribbon diagrams (color scheme: Arp2, cyan; Arp3, green; ARPC1, yellow; ARPC2, purple; ARPC3, maroon; ARPC4, pink; ARPC5, gray).Crosslinked actin-WCA was mixed with Arp2/3 complex at
a 1.2:1 ratio. The resulting complex was separated from excess
actin-WCA by size exclusion chromatography (Figure 1B).
Analytical size exclusion chromatography shows that the com-
plex has lower retention time than Arp2/3 complex alone, indi-
cating that actin-WCA is bound (Figure 1C). Dissociation of
actin-WCA was not observed, suggesting that the nine-protein
complex is stable. To confirm this finding, we compared the
sedimentation velocities of Arp2/3 complex with and without
actin-WCA. Both complexes formed single boundaries, which
are distinguishable from each other and from actin-WCA
(Figure 1D). In agreement with a previous study (Mullins et al.,
1997), the sedimentation coefficient of Arp2/3 complex alone
was 8.8 S. Binding of actin-WCA increased the sedimentation
coefficient to 11 S. The molecular masses of the complexes
were estimated using field flow fractionation combined with mul-
tiangle light scattering (FFF-MALS) (Figure 1E). The measured
mass of Arp2/3 complex alone was 224,200 Da, which is strik-
ingly similar to the expected value from sequence (223,600
Da). The observed mass of the complex upon addition of ac-
tin-WCA was 273,300 Da, which is in excellent agreement with
the expected value (274,060 Da).
Combined, these results suggested that actin-WCA forms
a stable 1:1 complex with Arp2/3 complex. This is in sharp con-
trast with previous studies that generally used excess WCA to
ensure saturated binding, which is due to WCA’s low intrinsic
affinity (2 mM) for Arp2/3 complex (Panchal et al., 2003). Based
on a dilution series AUC experiment, we estimated that the bind-
ing affinity of actin-WCA for Arp2/3 complex is 70 nM (see
Figure S1 in the Supplemental Data available with this article
online). Because similarly crosslinked actin-W (lacking the C
and A motifs) did not bind Arp2/3 complex (Figure S2), we con-
clude that the increased affinity results from the combined affin-
ities of actin and the CA region. In other words, actin, even whenStructurebound to W, has very low affinity for inactive Ap2/3 complex,
which likely contributes to the low nucleation activity of the com-
plex in the absence of NPFs.
The resulting nine-protein complex contains ATP, actin, and
WCA, three main factors known to cooperate in the activation
of Arp2/3 complex (Pollard, 2007). However, because (1) the
complex cannot release WCA, as it normally occurs during
branch formation (Egile et al., 2005), and (2) covalently bound
W at the barbed end of actin sterically hinders the addition of
actin monomers, the crosslinked complex was expected to
have low nucleation activity. To test this assumption we
used the pyrene-actin polymerization assay (Figure 1F). We
compared the nucleation activity of actin-WCA bound Arp2/3
complex with that of Arp2/3 complex in the presence of a
10-foldmolar excess of nativeWCA. As expected, the nucleation
rate (change in the number of barbed ends over time) of actin-
WCA bound Arp2/3 complex (0.064 ± 0.006 nM min1) was
much lower than that of Arp2/3 complex with free WCA (4.37 ±
0.6 nM min1) and only marginally higher than that of Arp2/3
complex alone (0.015 ± 0.002 nM min1).
X-Ray Scattering Study of Activated
Actin-WCA-Arp2/3 Complex
The conformation of Arp2/3 complex with bound actin-WCAwas
investigated by SAXS, amethod that yields information about the
overall shape of macromolecules (Koch et al., 2003; Petoukhov
and Svergun, 2007; Svergun and Koch, 2002). To validate the
applicability of SAXS to this particular system, the solution
structure of Arp2/3 complex alone was analyzed and then com-
pared with the crystal structure of the inactive complex (Nolen
and Pollard, 2007; Robinson et al., 2001). The radius of gyration
(Rg) derived from the scattering curve and representing the aver-
age size of the particle in solution was 47.2 ± 0.1 A˚, which closely
matches the value calculated from the crystal structure of Arp2/316, 695–704, May 2008 ª2008 Elsevier Ltd All rights reserved 697
Structure
X-Ray Scattering Study of Activated Arp2/3 ComplexFigure 3. Scattering Statistics for Different Models of Actin-WCA-Arp2/3 Complex
(A) Fitting of the model with actin bound at the barbed end of Arp3 to the scattering data (left). In this model, Arp2 was moved alone into a filament-like confor-
mation with Arp3 (see also Figure S3F). Two orientations of the model, rotated by 90, are shown inside the averaged grid envelope resulting from the ab initio698 Structure 16, 695–704, May 2008 ª2008 Elsevier Ltd All rights reserved
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X-Ray Scattering Study of Activated Arp2/3 Complexcomplex (46.4 A˚). Furthermore, the scattering curve calculated
from the crystal structure with the program CRYSOL (Svergun
et al., 1995) fits closely the experimental data, as characterized
by a discrepancy value c2 of 1.55 (Figure 2). Though c2 is the
most reliable parameter to evaluate a scattering model, we
also used a model-independent approach to reconstruct the so-
lution shape of Arp2/3 complex ab initio from the scattering data
with the programDAMMIN (Svergun, 1999). The final ab initio en-
velope consisted of the average, calculated with the program
DAMAVER (Volkov and Svergun, 2003), of 15 dummy atom
models. This envelope fits the crystal structure well, both visually
and quantitatively, as reflected by a normalized spatial discrep-
ancy (NSD) value of 1.42 (Figure 2). These results indicate that
the crystal structure of inactive Arp2/3 complex is preserved in
solution and suggest that SAXS can be reliably used to recon-
struct the structure of the complex.
The same approach was then applied to Arp2/3 complex with
bound actin-WCA. The experimental scattering profile in this
case was compared with theoretical curves calculated from al-
ternative models of activation. Other than the addition of actin
and WCA, activation is thought to involve conformational
changes within Arp2/3 complex itself (Pollard, 2007). Though
some of these changesmay beminor, significant and well-docu-
mented changes involve repositioning of Arp2 into a filament-like
conformation with Arp3 (Egile et al., 2005) and nucleotide-de-
pendent closure of their clefts (Goley et al., 2004; Nolen and Pol-
lard, 2007). We adopted the structure of nucleotide-bound inac-
tive Arp2/3 complex and rebuilt subdomains 1 and 2 of Arp2 by
analogy with actin (Figures S3A and S3B). Arp2 was then moved
alone into an actin filament-like conformation with Arp3
(Figure S3D), as previously proposed (Aguda et al., 2005). This
mode of activation minimizes the magnitude of the structural
changes, produces no steric clashes, and is consistent with
the fact that Arp2 is flexible and partially disordered in the inac-
tive structure (a different mode of activation is discussed below).
The crystal structure of actin-W (Chereau et al., 2005) was then
added at the barbed end of either Arp2 or Arp3 (Figures S3E
and S3F), according to the arrangement of actin subunits in the
filament (Holmes et al., 1990). These two models test two radi-
cally different pathways of Arp2/3 complex activation previously
proposed (Aguda et al., 2005; Beltzner and Pollard, 2004; Cher-
eau et al., 2005).
Comparison of the experimental and calculated scattering
curves and radii of gyration andmodel docking into the averaged
ab initio envelope clearly disqualified the model with actin at the
barbed end of Arp3 (Figure 3A) and gave strong support to the
model with actin at the barbed end of Arp2 (Figure 3B). In the
range of scattering vectors up to S = 1.5 nm1, a range that ac-
counts for the overall shape of a particle (Svergun et al., 2001),
the discrepancy between the experimental and model-based
curves for these two models is c2 = 4.26 (indicating major sys-
tematic deviations and poor fit) and c2 = 1.90 (consideredStructurea good fit), respectively. Docking into the ab initio envelope is
also significantly better when actin is bound at the barbed end
of Arp2 (NSD = 1.30) than Arp3 (NSD = 1.62). Finally, theRg value
derived from the scattering curve (52.0 ± 0.2 A˚) is in close agree-
ment with the value calculated for the model with actin at the
barbed end of Arp2 (51.1 A˚) but significantly larger than that of
the model with actin at the barbed end of Arp3 (47.6 A˚).
The two models considered above are based on the generally
accepted assumption that Arp2 occupies a filament-like position
alongside Arp3 in the activated structure (Aguda et al., 2005;
Egile et al., 2005; Goley and Welch, 2006; Pollard, 2007; Robin-
son et al., 2001). Two different pathways have been proposed to
accomplish the realignment of Arp2 with respect to Arp3 during
activation. In the two models considered above we moved
subunit Arp2 alone (Figure S3), which in the structure of the
inactive complex appears to be loosely connected to other sub-
units of the complex. However, a more substantial rearrange-
ment of the complex, involving a rotation of subunits Arp2,
ARPC1, ARPC4, and ARPC5 relative to subunits Arp3, ARPC2,
and ARPC3, was originally proposed (Robinson et al., 2001;
Figure S4). We do not favor this pathway because it involves
a comparatively large structural change and the breakage of
multiple hydrophobic interactions along a large interface be-
tween the two halves of the complex. However, at the resolution
of this study, we cannot distinguish between the two pathways
(i.e., moving Arp2 alone versus moving Arp2, ARPC1, ARPC4,
and ARPC5 as a block). In fact, after addition of the first actin
subunit at the barbed end of Arp2 (Figure S4C) the second path-
way yields a somewhat better c2 value (1.69) (Figure 3C), which
suggests that changes other than the movement of Arp2 occur
during activation. Note that independent of the pathway of acti-
vation, the models with actin at the barbed end of Arp3 are
clearly excluded by the scattering data (Figures S3F and S4D).
The first actin subunit had been proposed to occupy the next
available space in the short-pitch filament helix at the barbed end
of Arp3 (Beltzner and Pollard, 2004), which, because of steric
clashes, becomes accessible only if Arp2 moves first. In other
words, if this proposal is correct, activation of the complex
must precede the addition of the first actin subunit. In contrast,
we found that the first actin subunit binds at the barbed end of
Arp2, which can either precede or follow activation, because
both models are steric clash free (Figures S3C and S3E). There-
fore, we also tested amodel in which actin is bound at the barbed
end of Arp2 in the inactive conformation of the original crystal
structure (Figure S3C). Fitting of this model to the experimental
data was considerably worse (c2 = 2.58, NSD = 1.47, Rgcalc =
52.6 A˚) than fitting of the preactivated models with actin at the
barbed end of Arp2 (Figures 3B and 3C). However, the differ-
ences in fitting statistics are not large enough to totally exclude
this model. Therefore, the main conclusion from the scattering
experiments is that the first actin monomer bound to the Wmotif
of NPFs interacts at the barbed end of Arp2.SAXS reconstruction (right). A poor fit to the scattering data disqualifies this model. The individual proteins are shown as ribbon diagrams and colored as the other
figures in the article (W motif, red; actin, blue; Arp2, cyan; Arp3, green; ARPC1, yellow; ARPC2, purple; ARPC3, maroon; ARPC4, pink; ARPC5, gray).
(B) Fitting of the model with actin bound at the barbed end of Arp2 after activation of Arp2/3 complex by moving Arp2 alone alongside Arp3 (see also Figure S3).
The orientation is as in Figure 2.
(C) Fitting of the model with actin bound at the barbed end of Arp2 after activation of Arp2/3 complex by moving together Arp2, ARPC1, ARPC4, and ARPC5 (see
also Figure S3).16, 695–704, May 2008 ª2008 Elsevier Ltd All rights reserved 699
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X-Ray Scattering Study of Activated Arp2/3 ComplexFigure 4. Model of Activated Arp2/3 Complex
(A) Model of activated Arp2/3 complex with actin bound at the barbed end of Arp2 (as in Figure 3B), showing the most likely path of the WCA polypeptide. The
mother and daughter filaments and their respective barbed (or +) ends are tentatively shown for reference (light gray, semitransparent), but the precise organi-
zation of the branch is not addressed by this study. Subdomains 1–4 of actin and Arp2 and subdomains 2 and 4 of Arp3 are numbered. In the activated structure,
Arp2 moves to occupy a filament-like conformation next to Arp3. The first actin subunit, bound to the Wmotif of N-WASP (red), binds at the barbed end of Arp2.
The position of theWmotif in the activated complex is derived from the crystal structure of actin-W (Chereau et al., 2005). This location of the first actin and bound
Wmotif imposes constraints on the location of the C and A motifs (magenta and pink). Thus, the hydrophobic cleft between subdomains 1 and 3 of Arp2 is in the
path of the CA polypeptide as it progresses toward Arp2/3 complex. We predict that the helical portion of the Cmotif (Panchal et al., 2003) binds in this cleft. This
idea is also supported by sequence similarity with the W motif and the fact that tandem Wmotifs constitute a common architecture among actin filament nucle-
ators (see [B]). The C-terminal portion of the Cmotif runs near the interface between Arp2 and ARPC1, from where the Amotif can reach a hydrophobic pocket at
the interface between Arp3 and ARPC3, which is consistent with existing binding and crosslinking studies (Kelly et al., 2006; Kreishman-Deitrick et al., 2005; Pan
et al., 2004; Weaver et al., 2002; Zalevsky et al., 2001). The conserved Trp 499 of the A motif (yellow) may bind in a hydrophobic pocket at the interface between
Arp3 and ARPC3, formed by amino acids Tyr 202, Phe 203, Leu 207, Leu 277, Phe 287 of Arp3, and Phe 54 and Phe 163 of ARPC3.
(B) Alignment of the WC motifs of N-WASP with tandem W motifs of proteins involved in actin assembly. Conserved amino acids are colored according to their
chemical characteristics (green, hydrophobic; blue, basic; magenta, prolines; brown, glycines; yellow, small conserved amino acid). The WC motifs of N-WASP
align particularly well with the G- and F-actin binding (GAB and FAB) motifs of vasodilator-stimulated phosphoprotein (VASP) (Ferron et al., 2007). Because FAB
binds F-actin, it appears likely that the C motif binds Arp2 within Arp2/3 complex (see text). Tandem W motifs are emerging as a common architecture in actin
filament nucleation. Spire (Quinlan et al., 2005), Cobl (Ahuja et al., 2007), and the Vibrio proteins VopL (Liverman et al., 2007) and VopF (Tam et al., 2007) are700 Structure 16, 695–704, May 2008 ª2008 Elsevier Ltd All rights reserved
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X-Ray Scattering Study of Activated Arp2/3 ComplexDISCUSSION
Crystal structures of Arp2/3 complex have been determined in
the inactive conformation (Nolen and Pollard, 2007; Robinson
et al., 2001), whereas the structure of the complex in the branch
has been studied using electron microscopy (Egile et al., 2005).
However, important questions remain concerning the mecha-
nism of activation and the role of WCA in this process. Structural
methods require monodisperse species, which, owing to the
dynamic nature of actin polymerization seeds, has been a major
limitation in the study of activated Arp2/3 complex. We have
found a solution to this problem by structure-based crosslinking
actin and WCA prior to binding to Arp2/3 complex. This ap-
proach resulted in a homogeneous and stable polymerization
seed suitable for structural investigation (Figure 1).
The structure of actin-WCA-Arp2/3 complex in solution was
reconstructed by SAXS (Figure 3). We tested four models of ac-
tivation that fall into two major categories: actin at the barbed
end of Arp3 (Beltzner and Pollard, 2004), which can only occur
if Arp2 moves first into an activated conformation, and actin at
the barbed end of Arp2 (Aguda et al., 2005; Chereau et al.,
2005), which can either precede or follow the movement of
Arp2. Though the scattering data clearly disqualifies the model
with actin at the barbed end of Arp3, we cannot reliably exclude
any of the models with actin at the barbed end of Arp2 (Figure 3).
It is possible that the complex populates multiple intermediate
states with actin at the barbed end of Arp2, and that binding to
the side of a preexisting filament fixes the complex into a unique
activated conformation (Figure 4).
As previously proposed (Aguda et al., 2005; Egile et al., 2005;
Pollard, 2007; Robinson et al., 2001), this unique activated con-
formation is most likely one in which Arp2 occupies a filament-
like position alongside Arp3, a conformation that consistently
gave the best fit to the scattering data (Figures 3B and 3C). It
remains unclear how Arp2 moves into the activated state; alone
(Aguda et al., 2005), together with subunits ARPC1, ARPC4, and
ARPC5 (Robinson et al., 2001), or a combination of the two.
Although moving Arp2, ARPC1, ARPC4, and ARPC5 as a group
results in a slightly better fit to the scattering data, we favor mov-
ing Arp2 alone because this subunit appears to be in an unstable
position in the original structure of the inactive complex and
because this pathway of activation involves fewer structural
changes. Slight changes to this model, the existence of which
has been suggested by a previous study (Goley et al., 2004),
may result in an even better fit to the scattering data. However,
such alterations of the original crystal structure are not sup-
ported at low resolution.
The models analyzed in the present study are all based on the
generally accepted idea that the two Arps and the actin subunit
associated with the W motif of NPFs form a trimeric seed for nu-
cleation of a filament branch that emerges at a 70 angle from the
side of a preexisting filament. A different proposal (Carlier et al.,Structure2003; Pantaloni et al., 2000), that Arp2/3 complex binds to and
branches the barbed end of the mother filament, so that one of
the Arps is incorporated into the mother filament and the other
Arp into the branch, would require a profound reorganization of
Arp2/3 complex that is not supported by this work.
Defining the location of the first actin subunit to the barbed
end of Arp2 imposes considerable constraints on the way
WCA binds to and activates Arp2/3 complex. We know from
the crystal structure of actin-W that the N-terminal half of the
Wmotif forms an amphiphilic helix that binds in the hydrophobic
cleft between actin subdomains 1 and 3 (Chereau et al., 2005).
The C-terminal half of the W motif climbs along the actin surface
toward the pointed end of the actin monomer. The ensuing C
motif must therefore bind Arp2, ARPC1, or both (Figure 4A
and legend). Specifically, the hydrophobic cleft of Arp2 is in
the path of the CA polypetide as it progresses toward Arp2/3
complex (Figure 4A). Like the W motif, the N-terminal portion
of the C motif forms an amphiphilic helix (Panchal et al.,
2003). We (Chereau and Dominguez, 2006; Chereau et al.,
2005) and others (Aguda et al., 2005; Hertzog et al., 2004)
have pointed out that the C motif presents sequence similarity
with the Wmotif and that it may bind to Arp2 in a way analogous
to the actin-W interaction. The same cannot be proposed for
Arp3, because its hydrophobic cleft is occupied by a C-terminal
extension of the polypeptide chain. The WC motifs of WASP
family proteins also present clear sequence similarity with the
G- and F-actin binding motifs (GAB-FAB) of Ena/VASP proteins
(Figure 4B). We have recently shown that the GAB and W motifs
bind similarly to actin (Chereau et al., 2005; Ferron et al., 2007).
Because the FAB motif of Ena/VASP binds F-actin, it appears
likely that the closely related C motif of N-WASP binds one of
the actin-related subunits of Arp2/3 complex. There is one
additional consideration in support of this model. Other than
Arp2/3 complex and formin (Pollard, 2007), three filament nucle-
ators have recently been identified: Spire (Quinlan et al., 2005),
Cobl (Ahuja et al., 2007), and the related Vibrio proteins VopL
(Liverman et al., 2007) and VopF (Tam et al., 2007). With the ex-
ception of formin, all known filament nucleators use tandem W
motifs to assemble actin monomers into a polymerization seed
(Figure 4B). By analogy with these proteins we predict that the
WC of N-WASP constitutes a specialized form of tandemWmo-
tifs, where C has evolved specificity for Arp2. N-WASP and
other NPFs can be conceptually viewed as filament nucleators
that bring together one actin monomer with the actin-related
proteins of Arp2/3 complex. The association of the Arps with
five other proteins in the larger Arp2/3 complex probably
emerged from a need to integrate nucleation and branching
within a single system. Together, these considerations and
structural constraints resulting from the SAXS analysis allow
us to propose that the N-terminal helical region of the C motif
binds in the hydrophobic cleft of Arp2, which is in close prox-
imity to subunit ARPC1 (Figure 4A).recently discovered filament nucleators that use tandem W motifs to assemble actin monomers into polymerization seeds. Cobl, VopL, and VopF contain only
three W motifs and present a long Pro-rich linker between the second and third W motifs. Although this linker in Spire presents all the signature features of a W
motif, it is also rich in Pro residues. By analogy with these proteins, we predict that WC constitutes a specialized form of tandemWmotifs, where C has evolved
specificity for Arp2, allowing for the combination of the nucleation and branching functions by Arp2/3 complex. Sequence accession numbers are Cobl (mouse,
CAI36023); Spire (Drosophila melanogaster, Q9U4F1); VopF (Vibrio cholerae, AAZ32252); VopL (Vibrio parahaemolyticus, NP_800881); VASP (human, P50552);
N-WASP (mouse, CAC69994).16, 695–704, May 2008 ª2008 Elsevier Ltd All rights reserved 701
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Arp2/3 complex and then deliver the first actin subunit to the
complex by binding to a region in the actin monomer different
than the Wmotif (Kelly et al., 2006), is not supported by our find-
ings. Although we also find that actin binds the C motif (albeit
with weak affinity), our findings suggest that this interaction
also takes place through the hydrophobic cleft between actin
subdomains 1 and 3. Indeed, crosslinked actin-W, in which
this cleft is permanently occupied by the W motif, does not
bindWCA (Figure S5), suggesting that there is no second binding
site on the actin monomer for any part of WCA.
The CA region has been crosslinked to subunits Arp2, ARPC1,
Arp3, and ARPC3 of Arp2/3 complex (Kelly et al., 2006; Kreish-
man-Deitrick et al., 2005; Weaver et al., 2002; Zalevsky et al.,
2001). In particular, NMR, crosslinking, and cortactin competi-
tion studies place the N-terminal helical portion of the C motif
in contact with subunits Arp2 and ARPC1 and the C terminus
of the A motif in contact with subunits Arp3 and ARPC3 (Kreish-
man-Deitrick et al., 2005; Weaver et al., 2002). Interpretation of
these results has led to the proposal that CA connects these
four subunits in the activated complex, bridging the pointed
ends of Arp2 and Arp3 (Pollard, 2007). Constraints imposed by
the length of the WCA polypeptide, in particular considering
that both W (Chereau et al., 2005) and C (Panchal et al., 2003)
contain helical segments, mean that these interactions cannot
be achieved if the first actin subunit binds at the barbed end of
Arp3 as previously suggested (Beltzner and Pollard, 2004). In
contrast, the model of activated Arp2/3 complex resulting from
the SAXS study is fully consistent with the binding data
(Figure 4A). As it emerges from the cleft in Arp2, the C-terminal
portion of the C motif runs near the interface between subunits
Arp2 and ARPC1. This path takes the A motif to the interface be-
tween subunits Arp3 and ARPC3, where the conserved Trp499
may bind in a hydrophobic pocket formed by amino acids
Tyr 202, Phe203, Leu207, Leu277, Phe287 of Arp3, and Phe54
and Phe163 of ARPC3. Another study implicates this Trp in direct
interactionwith ARPC1, suggesting a different binding site for the
A motif (Pan et al., 2004). A proposal that reconciles this result
with the crosslinking studies is that the A motif binds to different
subunits of Arp2/3 complex during different stages of activation
(Aguda et al., 2005). The scattering model of activated Arp2/3
complex would be consistent with both modes of interaction.
In summary, in the proposed model of activated Arp2/3 com-
plex (Figure 4A), the location of theWmotif is crystallographically
determined to the hydrophobic cleft of the first actin (Chereau
et al., 2005), which binds at the barbed end of Arp2, the location
of the C motif is strongly constrained to the hydrophobic cleft in
Arp2, whereas the position of the Amotif is consistent with exist-
ing binding studies (Kelly et al., 2006; Kreishman-Deitrick et al.,
2005; Pan et al., 2004; Weaver et al., 2002; Zalevsky et al., 2001).
EXPERIMENTAL PROCEDURES
Purification of Arp2/3 Complex
Arp2/3 complex was isolated from bovine brain with modifications to a previ-
ously published protocol (Higgs et al., 1999). Briefly, 400 g of frozen brain was
homogenized in 800ml of breaking buffer (20mMTris (pH 8.0), 120mMNaCl, 5
mMMgCl2, 5 mM EGTA, 1 mM DTT, 1 mM PMSF, 20 mg/ml leupeptin, 6 mg/ml
aprotinin, 6 mg/ml pepstatin, 20 mg/ml soy bean trypsin inhibitor, and 0.1 mM
benzamidine) and clarified by centrifugation at 12,000 3 g for 30 min. The702 Structure 16, 695–704, May 2008 ª2008 Elsevier Ltd All rights rsupernatant was loaded onto a Macro-Prep High Q column (Bio-Rad, Melville,
NY) pre-equilibrated with breaking buffer. The flow-through, containing Arp2/3
complex, was applied onto a WCA affinity column equilibrated with breaking
buffer supplemented with 0.1 mM ATP. Arp2/3 complex was eluted in
20 mM Tris (pH 8.0), 25 mM KCl, 400 mM MgCl2, 1 mM EGTA, 1 mM DTT,
0.1 mM ATP, dialyzed against 20 mM MES (pH 6.4), 20 mM KCl,
2 mM MgCl2, 1 mM EGTA, and 0.1 mM ATP, and further purified through
a Mono S column (Amersham Biosciences, Piscataway, NJ). The complex
was then dialyzed against 20 mM HEPES (pH 7.5), 100 mM KCl, 2 mM
MgCl2, 1 mM EGTA, and 0.1 mM ATP and concentrated using an ultrafiltration
cell (Millipore, Billerica, MA). The concentration of the purified complex was
determined spectrophotometrically using a theoretically calculated extinction
coefficient of 234,080 M1 cm1.
Cloning and Expression of Cys-WCA
The cDNA encoding for mouse N-WASPwas obtained from ATCC (clone num-
ber 3169027). The WCA fragment corresponding to amino acids 426–501 was
amplified by PCR, with a forward primer containing mutations Ser426 to Cys
and Cys427 to Ala, and cloned between the NdeI and EcoRI sites of vector
pTYB12 (New England BioLabs, Ipswich, MA). This vector comprises a
chitin-binding domain (for affinity purification) and an intein (for self-cleavage
after purification). The Cys-WCA construct was expressed in BL21(DE3) cells
(Invitrogen, Carlsbad, CA). Cells were grown in Terrific Broth (Becton, Dickin-
son and Co., Sparks, MD) medium at 37C until the OD at 600 nm reached
a value of 1.0–1.2. The expression was induced by addition of 0.5 mM isopro-
pylthio-b-D-galactoside (IPTG) and carried out for 5 hr at 20C. Cells were har-
vested by centrifugation and resuspended in chitin affinity column equilibration
buffer (20mMHEPES [pH 7.5], 500mMNaCl, 1mMEDTA, and 100 mMPMSF).
Standard purification on a chitin affinity column (New England Biolabs) was fol-
lowed by HPLC purification on a reverse-phase C18 column using a gradient of
CH3CN (0%–90%) with addition of 0.1% TFA. The purified Cys-WCA was di-
alyzed against 2 mM Tris (pH 7.5), 0.2 mM CaCl2, and its concentration was
determined spectrophotometrically using a theoretically calculated extinction
coefficient of 5500 M1 cm1.
Crosslinking of Cys-WCA to Actin and Binding to Arp2/3 Complex
Actin was purified from rabbit skeletal muscle (Pardee and Spudich, 1982) and
mixed with Cys-WCA at a 1.2:1 ratio, using 5,50-dithiobis(2-nitrobenzoic acid)
(Sigma-Aldrich, St. Louis) to facilitate the crosslinking reaction as described
(Graceffa and Jancso, 1991). Excess actin was then removed on a S100 col-
umn (Pfizer-Pharmacia, New York) in 20 mM HEPES (pH 7.5), 100 mM KCl,
2 mM MgCl2, 1 mM EGTA, and 0.1 mM ATP. Actin was similarly crosslinked
to a synthetic peptide corresponding to theWmotif of mouse N-WASP (amino
acids 425–448), which also contains the two mutations Ser426 to Cys and
Cys427 to Ala. Actin-WCA was mixed with Arp2/3 complex at a 1.2:1 ratio
and excess actin-WCA was removed on a S200 column (Pfizer-Pharmacia).
The concentration of the nine-protein complex was determined spectrophoto-
metrically using a theoretical extinction coefficient of 283,170 M1 cm1,
derived from the amino acid sequences.
Actin Polymerization Assay
Pyrene-actin polymerization assays were carried out using a Cary Eclipse fluo-
rescence spectrophotometer (Varian, Palo Alto, CA) and analyzed as de-
scribed (Harris and Higgs, 2006). Prior to data acquisition, 2 mMMg-ATP-actin
(6% pyrene-labeled) was mixed with 25 nM Arp2/3 complex alone, 25 nM
Arp2/3 complex with 250 nM WCA peptide, and 25 nM Arp2/3-actin-WCA
complex in F-buffer (10 mM Tris [pH 7.5], 1 mM MgCl2, 50 mM KCl, 1 mM
EGTA, 0.1 mM NaN3, 0.02 mg/ml BSA, 0.2 mM ATP).
Analytical Ultracentrifugation
Sedimentation velocity experiments were conducted in a Beckman Optima
XL-I ultracentrifuge (Beckman, Palo Alto, CA) using an An50 Ti eight-hole rotor.
Data were acquired with the interference optics system using sapphire win-
dows and meniscus-matching 12 mm aluminum-filled Epon centerpieces
with interference slit window holders on the top window (Biomolecular Interac-
tion Technology Center, Durham, NH). Prior to spinning, samples were dia-
lyzed against 20 mM HEPES (pH 7.5), 100 mM KCl, 2 mM MgCl2, 1 mMeserved
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X-Ray Scattering Study of Activated Arp2/3 ComplexEGTA, 0.1 mM ATP for at least 16 hr. Velocity experiments were conducted at
50,000 rpm and 20C.
Field Flow Fractionation and Multiangle Light Scattering
The stability of Arp2/3 complex with bound actin-WCA was first characterized
by analytical ultracentrifugation (SI). The molecular masses and monodisper-
sity of Arp2/3 complex with and without actin-WCA were then analyzed using
an Eclipse asymmetric field flow fractionation (FFF) system coupled with
a DAWN HELEOS multiangle light scattering (MALS) detector and an Optilab
rEX refractometer (Wyatt Technology Corp., Santa Barbara, CA). This config-
uration allows for the determination of the absolute molar mass distribution of
the complexes separated by the FFF unit. The FFF trapezoidal flow channel
was fit with a 350 mmTeflon spacer over amembranemade of regenerated cel-
lulose with either 5 or 10 kDa molecular weight cutoff (depending on sample).
For each sample, a volume of 100 ml at a the concentration of 1 mg/ml was in-
jected using an Agilent 1100 HPLC system (Agilent Technologies, Palo Alto,
CA), which also delivered the mobile phase to the FFF unit. Samples were first
focused for 6 min at the head of the channel with two opposing lateral flow
fields of 1 ml/min and a vertical crossflow field of 2 ml/min, and then eluted
with a lateral flow rate of 1.0 ml/min and a crossflow rate of 2 ml/min. The ex-
periments were performed in the normal elution mode, in which particles elute
in order of increasing size. The eluting samples were detected through the re-
fractometer and the 18-angle MALS detector, equipped with a 50 mV solid-
state laser operating at 658 nm. Baseline scattering, peak boundaries, and
molecular masses of the samples were determined using Astra software
(Wyatt Technology Corp.).
SAXS Data Collection and Analysis
Small angle X-ray scattering (SAXS) data from solutions of Arp2/3 complex
with and without actin-WCA were collected at the X33 beamline of the Euro-
pean Molecular Biology Laboratory (DESY, Hamburg, Germany) using
a MAR345 image plate detector (Roessle et al., 2007). Data were collected
at a sample-detector distance of 2.7 m and in the range of scattering vectors
0.1 < s < 5 A˚. Themeasurements were performed at 10C for two different con-
centrations (0.45 mg/ml and 0.9 mg/ml for Arp2/3 complex and 0.55 mg/ml
and 1.1 mg/ml for Arp2/3-complex-actin-WCA). No systematic differences
were detected between the two concentrations, indicating the absence of in-
terparticle interference at these concentrations. To monitor for radiation dam-
age, two 2 min exposures of protein samples were collected and no damage
was observed. The average background scattering of the buffer, determined
from two independent measurements (before and after each sample measure-
ment), was subtracted from the average scattering profile of the protein. The
data were processed by standard procedures with the program PRIMUS (Ko-
narev et al., 2003). The forward scattering I(0) and the radii of gyration Rg were
estimated from the Guinier approximation (Guinier, 1939), assuming that
at very small angles (s < 1.3/Rg) the intensity is represented as I(s) = I(0)
exp(-(sRg)
2/3). Maximum particle dimensions Dmax were computed using the
indirect transform package GNOM (Svergun, 1992), which also gives the dis-
tance distribution functions p(r). The ab initio shape reconstructions were per-
formedwith the programDAMMIN (Svergun, 1999), which represents amacro-
molecule as an assembly of densely packed beads. Simulated annealing is
then used to build a compact interconnected configuration of beads inside
a sphere with diameter Dmax that fits the experimental data Iexp(s) to minimize
discrepancy:
c2 =
1
N 1
X
j
IexpðsjÞ  cIcalcðsjÞ
sðsjÞ
 2
;
where N is the number of experimental points, c is a scaling factor, and Icalc(sj)
and s(sj) are the calculated intensity and experimental error at the momentum
transfer, sj, respectively. For each of the complexes, 15 ab initio models were
generated and averaged using the program DAMAVER (Volkov and Svergun,
2003). The final envelopes were obtained by averaging the models and remov-
ing low occupancy beads. Atomic models were fit into the ab initio envelopes
with the program SUPCOMB (Kosik and Svergun, 2001). This program finds
the best alignment between two models by minimizing the normalized spatial
discrepancy (NSD), which is a normalized average of minimal distances
between every point s1i of structure 1 and all points s2i of structure 2Structure(r(s1i,2)), and every point s2i of structure 2 and all points s1i of structure 1
(r(s2i,1)):
NSD 1; 2ð Þ= 1
2
 
1
N1d22
XN1
i
r2ðs1i;2
"
Þ+ 1
N2d21
XN2
i
r2ðs2i;1Þ
!#1=2
;
where Ni is the number of points (either atoms or dummy atoms) in a structure
and di is the average distance between adjacent points in a structure. The
scattering curves of atomic models were calculated and compared with the
experimental curves using the program CRYSOL (Svergun et al., 1995), which
either predicts theoretical scattering patterns or fits the experimental data by
adjusting the excluded volume and the contrast of the hydration layer.
SUPPLEMENTAL DATA
Supplemental Data include five figures and Supplemental References and can
be found with this article online at http://www.structure.org/cgi/content/full/
16/5/695/DC1/.
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